We have previously demonstrated that Sox17 regulates cell cycle exit and differentiation in oligodendrocyte progenitor cells. Here we investigated its function in white matter (WM) development and adult injury with a newly generated transgenic mouse overexpressing Sox17 in the oligodendrocyte lineage under the CNPase promoter. Sox17 overexpression in CNP-Sox17 mice sequentially promoted postnatal oligodendrogenesis, increasing NG2 progenitor cells from postnatal day (P) 15, then O4ϩ and CC1ϩ cells at P30 and P120, respectively. Total Olig2ϩ oligodendrocyte lineage cells first decreased between P8 and P22 through Sox17-mediated increase in apoptotic cell death, and thereafter significantly exceeded WT levels from P30 when cell death had ceased. CNP-Sox17 mice showed increased Gli2 protein levels and Gli2ϩ cells in WM, indicating that Sox17 promotes the generation of oligodendrocyte lineage cells through Hedgehog signaling. Sox17 overexpression prevented cell loss after lysolecithin-induced demyelination by increasing Olig2ϩ and CC1ϩ cells in response to injury. Furthermore, Sox17 overexpression abolished the injury-induced increase in TCF7L2/TCF4ϩ cells, and protected oligodendrocytes from apoptosis by preventing decreases in Gli2 and Bcl-2 expression that were observed in WT lesions. Our study thus reveals a biphasic effect of Sox17 overexpression on cell survival and oligodendrocyte formation in the developing WM, and that its potentiation of oligodendrocyte survival in the adult confers resistance to injury and myelin loss. This study demonstrates that overexpression of this transcription factor might be a viable protective strategy to mitigate the consequences of demyelination in the adult WM.
Introduction
Oligodendrogenesis from oligodendrocyte (OL) progenitor cells (OPCs) to mature, myelinating OLs is spatially and temporally regulated by transcription factors under the control of multiple signaling pathways, including canonical Wnt, Sonic hedgehog, Notch, bone and morphogenetic proteins (Nicolay et al., 2007; Fancy et al., 2009) . Members of the SRY-box (Sox) transcription factors have emerged as crucial regulators of OL development and regeneration. Sox transcription factors that contain a conserved high mobility domain that binds the DNA minor groove (Gubbay et al., 1990) , are essential for the differentiation and maturation of OLs in the developing nervous system Stolt and Wegner, 2010) . Sox9 has an early function in maintaining the OPC population (Stolt et al., 2003) , while Sox10 is essential for terminal differentiation and myelin gene expression (Stolt et al., 2002) . Inhibitory Sox factors 4, 5, and 6 are also critical for timing OL specification and terminal differentiation (Potzner et al., 2007) .
Sox17 was found in the postnatal mouse white matter (WM) to be developmentally associated with the expression of multiple myelin genes, and its pattern of expression in vivo supports a role in proliferative arrest (Sohn et al., 2006) . In cultured OPCs, Sox17 was shown to perform the dual functions of promoting OPC cycle exit and maturation to OLs (Sohn et al., 2006; . Sox17 downregulation by siRNA increases OPC proliferation and attenuates differentiation. In addition, Sox17 knockdown upregulates ␤-catenin and its targets cyclin D1 and Axin2. Conversely, Sox17 overexpression in vitro (1) increases OPC cell cycle exit, (2) decreases cyclinD1 levels, and the levels and activity of b-catenin, (3) promotes degradation of b-catenin, (4) relieves Wnt repression of myelin protein levels, and (5) enhances myelin promoter activity (Sohn et al., 2006; . These findings identify Sox17 as a Wnt/␤-catenin antagonist in the lineage and suggest that ectopic Sox17 expression in vivo may promote OL formation through Wnt modulation.
To study the function of Sox17 in OLs in vivo, we generated a transgenic mouse strain in which a full-length mouse Sox17 cDNA fragment is expressed under the control of the CNP gene promoter. The CNP (2',3'-cyclic nucleotide 3'-phosphodiesterase) promoter has been shown to provide robust OL lineagespecific expression in the WM (Yuan et al., 2002) . We wanted to determine whether Sox17 overexpression would lead to increased development of OLs. Since demyelination upregulates Wnt signaling (Fancy et al., 2009) , we also wanted to determine whether Sox17 overexpression could block Wnt signaling and alter the course of demyelination in the adult WM. Our present analysis constitutes the first in vivo study of Sox17 function in WM. Sox17 overexpression increased WM levels of the Hedgehog mediator Gli2, regulated ␤-catenin-expressing cells and development of the OL lineage in biphasic fashion, and ultimately produced supranormal numbers of OL cells. As lysolecithin-induced demyelination injury failed to increase cell death, or affect MBP levels, Gli2 and the antiapoptotic protein Bcl-2 in the adult CNP-Sox17 mouse, we propose that Sox17 potentiates Hedgehog signaling in its attenuation of WM damage.
Materials and Methods
Plasmid construct and generation of transgenic mice. The plasmid for generating transgenic mice was constructed as follows: (1) the CNP promoter plasmid CNP4.2 (Gravel et al., 1998) was modified by introducing restriction enzyme AgeI site at HindIII site to obtain CNP3.9 vector; (2) a full length of IRES-ZsGreen1 with added AgeI site at 5Ј and XhoI site at 3Ј was amplified by PCR from pIRES-ZsGreen1 plasmid (Cat#632478, Clontech) and subsequently inserted into CNP3.9 to obtain pCNP-IRESZsGreen1; and (3) the full-length mouse Sox17 cDNA fragment (Kanai et al., 1996; with added AgeI sites at both 5Ј and 3Ј ends was amplified by PCR and inserted into AgeI site of pCNP-IRESZsGreen1 to obtain pCNP-Sox17-IRES-ZsGreen1 (Fig. 1) . A 6.79 kb XbaI/XhoI fragment of pCNP-Sox17-IRES-ZsGreen1 was excised, purified, and sent to the University of Michigan Transgenic Animal Model Core for microinjection into (C57BL/6XSJL) F1 eggs. Founders were bred with C57BL/6 male and female mice from the Jackson Laboratory. All mouse lines for the studies were maintained as hemizygotes and had previously been bred with C57BL/6 for at least 10 generations. To identify positive transgenic animals, a pair of primers based on ZsGreen1 coding sequence and another pair of primers based on Sox17 coding sequence were used for tail biopsies. ZsGreen1 primers were as follows: forward: ZsGr405F, 5Ј_-CCCCGTGATGAAGAAGATGA-_3Ј; reverse: ZsGr614R, 5Ј_-GTCAGCTTGTGCTGGATGAA-_3Ј. Sox17 primers were as follows: forward: Sox277F, 5_-CTGCACAACGCAGAGCTA-AGC-_3Ј; reverse: Sox448R, 5Ј_-CGCTTCATGCGCTTCACCTGC-_3Ј. The Sox17 cDNA lacks a 431 bp intron between exons 4 and 5 (Ensembl: ENSMUST00000027035). The cycling conditions were as follows: 95°C for 5 min followed by 35 cycles of 95°C for 60 s, 60°C for 60 s, 72°C for 60 s, and a final extension step of 72°C for 5 min. PCR amplification of the transgene thus yields a 171 bp fragment in founders whereas a 602 bp fragment is amplified in WT mice. With this genotyping approach, we identified a total of five transgenic mouse founders that were positive for both ZsGreen1 and recombinant Sox17, and that showed germline transmission of the transgene. The copy number of transgene in transgenic mouse was identified by real-time PCR (Joshi et al., 2008) . The primers used for copy number determination were ZsGR405F and ZsGr614R as described for genotyping. Twenty-five microliters of PCR mixtures contain 1 ng of genomic DNA, 1 l of 10 M primer mixture, and 12.5 l of SYBR GreenER qPCR SuperMix Universal (11762-100, Invitrogen). PCR was performed on an ABI Prism 7900 HT Sequence Detection System. The cycling conditions were as follows: 50°C for 2 min, 95°C for 10 min followed by 40 cycles of 95°C for 30 s, 60°C for 45 s, and 72°C for 30 s.
Western blots. WM tissue was microdissected from brains of WT and CNP-Sox17 transgenic mouse brain at postnatal day (P) 8, P22, P30, P60, and P120. Fresh coronal sections 200 -300 m thick containing the anterior WM regions of corpus callosum, cingulum, and external capsule were prepared on a tissue chopper. Under a dissecting scope, the WM tissue was separated from gray matter regions and striatum from these slices with fine forceps while submerged in HBSS. WM tissue from three such sections per brain were homogenized in 100 -200 l of RIPA lysis buffer (10 mM HEPES, pH 7.9, 1 mM EDTA, pH 8.0, 150 mM NaCl, 1 mM DTT, 1 mM PMSF, 0.5 mM sodium vanadate, 1% NP-40) on ice and then centrifuged at 12,000 rpm at 4°C for 15 min. Each lysate was mixed with equal volume of 2ϫ loading buffer (Sigma-Aldrich) and boiled for 5 min. Ten-to-twenty micrograms of protein samples were separated on 4 -12% NuPage Bis-Tris precast gel (Invitrogen) and transferred to PVDF membranes (Millipore). The membranes were blocked in Odyssey blocking buffer (part#: 927-40000, Odyssey Infrared Image System, LI-COR) and then incubated with diluted primary antibodies overnight at 4°C. This was followed by washing three times with PBS containing 0.05% Tween 20. The membranes were incubated with LI-COR Odyssey secondary antibodies in LI-COR Odyssey blocking buffer for 1 h at room temperature with agitation. After washing three times with PBS containing 0.05% Tween 20, the membranes were analyzed with Odyssey Infrared Image System (LI-COR).
Tissue section preparation and immunohistochemistry. Mouse brains were fixed with 4% paraformaldehyde by transcardial perfusion as previously described (Yuan et al., 2002) . Tissue sections of brains were prepared on a sliding Microtome 860 (American Optical). Sections were cut (40 m) and stored in 1ϫ PBS, 0.05% sodium azide solution. For immunohistochemistry, floating tissue sections were blocked at room temperature for at least 1 h in blocking solution (1% BSA, 0.3% Triton X-100, and 20% normal goat or horse serum in 1ϫ PBS) and then incubated with primary antibodies at 4°C overnight. After three washes with carrier solution (1% BSA, 0.3% Triton X-100, 1% normal serum in 1ϫ PBS) at room temperature, secondary antibodies were added and the sections incubated for another 1 h, followed by three washes of 1ϫ PBS per 10 min. Epi-fluorescence images were obtained on Olympus BX61TRF and confocal images were obtained on a Zeiss LSM510 single photon laser confocal microscope. Images were analyzed with ImageJ software, and means of cell counts obtained from a total of 5-8 animals from each mouse strain or group, comprising pairs of transgenic offspring and littermate negative controls from at least 3-4 independent litters.
Antibodies. The primary and secondary antibodies used in our studies are listed in Tables 1 and 2 .
Lysolecithin-induced focal demyelination. Focal demyelination was performed and analyzed as described previously . Adult mice at P35-P40 were anesthetized with an intraperitoneal injection of a ketamine/xylaxine mixture (10 mg per gram of body weight) and positioned in a stereotaxic frame (Stoelting). Focal lesion was induced by injection of 2 l of 1% lysolecithin (Cat 440-154, CalBiochem/Millipore) in 0.9% saline by a 5 l Hamilton microliter syringe. Controls were injected with 2 l of saline. Lysolecithin or saline was injected unilaterally into the corpus callosum using stereotaxic coordinates of 2.5 mm anterior to the bregma, 1 mm lateral, and 2.5 mm deep from the skull surface. The day of lysolecithin injection was designated as day 0 [0 days postlesion (DPL)]. Mice were killed and processed for immunohistochemical analysis at 3 and 7 DPL after lysolecithin injection.
Results

CNP-Sox17 transgenic mice express increased levels of Sox17 in WM tissue
Previous studies have shown that Sox17 promoted OL lineage progression in cultured OPCs (Sohn et al., 2006) . To investigate the function of Sox17 by overexpression in the OL lineage in vivo, we designed a transgene under the control of the CNPase promoter that is shown in Figure 1A . The CNPase promoter has been demonstrated to label OL lineage cells at all developmental stages in transgenic mice (Yuan et al., 2002; Aguirre and Gallo, 2004; Aguirre et al., 2004) . A full-length fragment of the mouse Sox17 cDNA was ligated upstream of a PCR fragment of the ZsGreen reporter. The ZsGreen was expressed independently of the Sox17 protein via an internal ribosome entry site (IRES-ZsGreen, Clontech). Five apparently healthy, normally ambulating, and stably transmitting founders were found to be double positive for recombinant Sox17 and ZsGreen, which was further verified by immunofluorescence and Western blotting for Sox17. Each of these was backcrossed with C57BL6 over at least 10 generations. These founders also showed normal life span. Real-time PCR determined that each heterozygote founder contained an average Figure 1B shows colocalization of ZsGreen reporter fluorescence and Sox17 immunolabeling in the subcortical WM at P30. We have previously shown that endogenous Sox17 is not OLspecific, and is also expressed in neurons and astrocytes (Sohn et al., 2006) . The ZsGreen reporter is also colocalized with NG2 (OPC), O4 (pre-OL), and CC1 (OL) markers at P30 (Fig. 1C) , showing the potential for recombinant Sox17 to impact multiple developmental stages in the lineage. To quantify Sox17 protein levels in microdissected WM, Western blotting was performed. These results indicate that, at both P15 and P60, the total levels of Sox17 detected in the CNP-Sox17 mouse were significantly higher than that in WT controls ( Fig. 1 D, 
E).
Sox17 overexpression shows a biphasic effect on postnatal OL development
Based on our findings of Sox17 function in OL cell differentiation in vitro (Sohn et al., 2006; , we hypothesized that Sox17 might also promote OL maturation in vivo. Since the mouse CNP promoter is active in OL progenitor cells (OPCs; Yuan et al., 2002) , we performed a postnatal time course analysis to determine when and how lineage progression would be modulated by recombinant Sox17. In comparison with WT controls, the subcortical WM in CNP-Sox17 (Trans) first showed a reduction of the NG2ϩ OPC population at P8, followed by a surprising increase from P15 through P60 (Fig. 2 A, B) . No change in O4ϩ cells was observed until P30, indicating that increased maturation to premyelinating OLs only occurred after the first increase in NG2ϩ cells (Fig. 2C,D) . Coincident with the increase in NG2ϩ cells, the number of mature myelinating OLs labeled with CC1 was reduced from P15 to P30, indicating a relatively immature population. However, this rose to normal levels by P60 (Fig.  3 A, B) , and then clearly exceeded WT levels at P120. To confirm these changes in the CC1ϩ population, Western blotting was performed with microdissected WM tissue from the CNP-Sox17 mouse. Consistent with the findings in CC1 cells, the levels of myelin proteins (MBP, MAG, and myelin OL glycoprotein) also showed similar decreases until P30 (Fig. 3C,D) , and thereafter were found not to be significantly different from WT at P60 (Fig.  3D ) and P120 (data not shown), indicating that OL maturation was delayed relative to the WT. The sequential increases observed beginning at P15 in NG2ϩ, O4ϩ, and CC1ϩ cells would be consistent with an effect of recombinant Sox17 on promoting the generation of the lineage as a whole, starting with the OPC stage. The normal levels of myelin proteins despite the increased numbers of CC1ϩ cells at P120 is not understood.
Sox17 regulates Olig2؉ cells in a biphasic fashion, ultimately expanding the oligodendroglial lineage cell population
To understand the origin of these changes in the WM of the CNP-Sox17 mouse, we sought to characterize the cellular mechanisms that may modulate lineage progression. Olig2 is a widely used marker of the OL lineage . Signals that regulate the number of cells expressing Olig2 thus bear the potential to impact oligodendrogenesis and maturation. Immunohistochemical analysis of the Olig2ϩ cell population in the CNPSox17 WM revealed a biphasic pattern of modulation by recombinant Sox17 starting from P15. First, Olig2ϩ cells displayed a decrease at P15 (Fig. 4 A, B ) that coincided with the decrease in the CC1ϩ population ( Fig. 3 A, B) . Thereafter, Olig2ϩ cells were consistently increased over WT levels from P30 through P120 (Fig. 4B ). The developmental profile of oligodendroglial lineage cells in the CNP-Sox17 mouse WM is summarized in Figure 4C . Note that NG2 and O4 remain elevated even at P120 (Fig. 4C ). This plot indicates that the large increase in Olig2ϩ cells at P30 consists of NG2ϩ and O4ϩ cells. In addition, the changes in the CNP-Sox17 WM appeared to be specific to the OL lineage, since GFAPϩ astrocytes remained unaffected (Fig.  4 D, E) at both P15 and P60.
Sox17 potentiates early postnatal apoptosis in developing WM
The biphasic nature of the changes in the OL lineage may be the result of Sox17-mediated regulation of cell survival, proliferation, or both. To determine changes in cell survival, we examined the levels of cleaved caspase-3, a critical downstream mediator of programmed cell death. Immunohistochemical analysis showed that caspase-3 activity was increased by Sox17 between P8 and P22 ( Fig. 5A ). This increase in apoptosis was reflected in total cell loss in the WM, as demonstrated by decreased DAPIϩ cells at these same time points (Fig. 5B) . These reciprocal changes arising from Sox17 overexpression are illustrated in Figure 5C . The results suggest that Sox17-induced death led to decreased size of the Olig2ϩ population, and may underlie the early hypomyelination observed in the WM of the CNP-Sox17 mouse before P30. To determine the identity of the apoptotic cells, dual-labeling experiments showed localization of cleaved caspase-3 in NG2ϩ, O4ϩ, Olig2ϩ, and CC1ϩ cells at P8 and P15 (Fig. 5D) . The results indicate that increased number of NG2 cells was not accompanied by increased survival of O4 or Olig2 cells at these ages, indicating that apoptosis in the oligodendroglial lineage, beginning with OPCs, likely contributed to the reduction in mature OLs and myelin proteins in the CNP-Sox17 mouse. Analysis of cell proliferation showed that, in agreement with our previous findings, Sox17 induced cell cycle exit, significantly reducing the percentage of Ki67ϩ cells in WM at both P15 and P30 (Fig. 5 E, F ) . The preferential reduction of Ki67 colocalization in Olig2ϩ over NG2ϩ cells (Fig. 5F ) suggests an effect on differentiation, because at P30 this occurred in the absence of cell death.
It is noteworthy that cell apoptosis was also clearly detected in the developing WT WM (Fig. 5A ) from P8 through P30. There was a general decline in postnatal apoptosis in the WM toward P30 (Fig. 5A ), after which death was no longer detected in either mouse strain by caspase-3 immunolabeling (data not shown). The P30 time point not only coincides with the lack of an effect of Sox17 on total cell numbers labeled by DAPI (Fig. 5B) , but also marks a turning point in cellular response when both O4ϩ (Fig.  2D) and Olig2ϩ (Fig. 4B) showed the first signs of Sox17-induced increase. These observations of coordinated increases in OPCs and mature OLs suggest an overall enhancement of the lineage caused by Sox17 overexpression, and is likely the result of a process downstream from developmental signals, such as Hedgehog activation or Wnt suppression.
Sox17 modulates ␤-catenin in biphasic fashion and increases Gli2-expressing cells in developing WM
To determine whether the changes in the numbers of OLs and Olig2ϩ cells may be related to altered Wnt or Hedgehog signaling, we first analyzed the numbers of cells immunostained with ␤-catenin and TCF4 (or TCF7L2) in the WM at P15 and P30. Fewer cells positive for ␤-catenin were found in the CNP-Sox17 mouse WM at P15, but by P30 the density of these cells had increased and exceeded that in the WT (Fig. 6A ). Although at P15 the density of TCF4ϩ cells in both strains was indistinguishable, by P30, as with ␤-catenin, an increase was clearly observed in the CNP-Sox17 (Fig. 6A) . The TCF4ϩ cells found were mostly nuclear, in agreement with the findings of Fancy et al. (2009) . In contrast, the increase in ␤-catenin consisted of both cytoplasmic/ membrane as well as nuclear forms (Fig. 6B) , so that all positive cells were included in the analysis. These changes in the numbers of ␤-catenin and TCF4-expressing cells are shown in Figure 6B . The decrease in ␤-catenin at P15 would be consistent with our previous observations in culture , but our finding of increased TCF4ϩ cells and ␤-catenin at P30 in the CNP-Sox17 WM (Fig. 6 A, B) was unexpected. Using Western blotting, we failed to detect any significant change in the levels of active ␤-catenin as a result of Sox17 overexpression during postnatal development (P15, P120, data not shown). Nonetheless, since TCF4 is necessary for OL development, and its interaction with ␤-catenin negatively regulates differentiation (Ye et al., 2009) , the Sox17-mediated increase in both TCF4-expressing and ␤-catenin-expressing cells at P30 suggests activation of the OPC population, which may lead to the delayed appearance of CC1ϩ OLs.
Sonic hedgehog was recently shown to act upstream of Wnt in the expression of TCF4 (Alvarez-Medina et al., 2009) , and may therefore be involved in the Sox17-induced changes in TCF4 levels. To test for Hedgehog pathway activation, we analyzed the protein levels of Hedgehog pathway mediators Gli1 and Gli2 in the CNP-Sox17 WM. Gli1 protein could not be detected in our WM samples, but Gli2 showed consistent increases at P15 and P120 by Western blotting (Fig. 6C,D) . This increase was due, at least in part, to an increase in the numbers of cells expressing Gli2, as detected by immunohistochemistry (Fig. 6 E, F ) , supporting the notion that Sox17 overexpression enhanced activity of the Hedgehog pathway. At P30 in the absence of developmental apoptosis, we found that the increased Gli2 colocalized primarily with O4 and Olig2 (Fig. 6F ) rather than with NG2 or CC1, suggesting increased differentiation. This coincides temporally with the accumulation of O4 and Olig2 cells at P30, consistent with a role for peak Sox17 expression in O4 cells (Sohn et al., 2006) . Activation of Hedgehog signaling by Sox17 would thus support an essential contribution to OL generation.
Sox17 prevents myelin protein loss in demyelination injury
Based on our findings of increased OL lineage cells in the adult CNP-Sox17 mouse, we hypothesized that this property of Sox17 may reduce WM damage in an adult injury by enhancing the remyelination potential of OPCs recruited to the lesion site. We chose to test this hypothesis in the focal demyelination model of stereotaxic lysolecithin injections in the P30 corpus callosum. Although such lesions are typically performed on mice at 8 weeks or older when recovery occurs over 10 -14 d Etxeberria et al., 2010; Jablonska et al., 2010) , we selected P30 for these studies in the CNP-Sox17 for the following reasons: (1) at P30, CC1ϩ OLs and myelin protein levels in the CNP-Sox17 mouse are below WT levels (Figs. 3, 4C) ; (2) developmental apoptosis was no longer detected in either mouse strain at P30; (3) any additive effect between remyelination signals and ectopic Sox17 would be more readily detected or amplified at an age with a robust response (Shen et al., 2008) ; and (4) at P30 both Olig2ϩ and O4ϩ cells begin to increase in the CNP-Sox17. Our results show that MBP immunostaining in both strains had recovered at 7 DPL, but differences were apparent at 3 DPL. At 3 DPL, the ipsilateral lysolecithin-injected site in the WT showed a clearly demarcated region of demyelination, as revealed by MBP immunostaining (Fig. 7A) , whereas the damage was far less apparent in the CNP-Sox17 mouse. Compared with Trans, the loss of membrane-associated MBP was visibly greater in the WT at 3 DPL (Fig. 7B) ; however, by 7 DPL, MBP in both strains was not visibly different from their respective saline-injected, control sides. Figure 7C ,D shows that, after normalizing against the levels in the contralateral saline-injected sites for each strain, both MBP and CNP protein levels after lysolecithin injection were still quantitatively lower in the WT at 3 DPL compared with the CNPSox17. These data indicate that recombinant Sox17 renders the transgenic WM less vulnerable to the loss of myelin protein by toxin injection.
Sox17 increases CC1؉ OL and Olig2؉ cell density in lysolecithin-induced WM lesions
Further immunohistochemistry showed that lysolecithininduced demyelination resulted in the loss of CC1ϩ OL in the WT at 3 DPL, whereas no such loss was observed in the CNPSox17 (Fig. 8A) . Instead, CC1ϩ signal intensity and cell density in the CNP-Sox17 appeared greater after lysolecithin-induced injury (Fig. 8A) . Interestingly, Olig2ϩ cells were unaffected in the WT, while the transgenic showed a modest but significant increase in Olig2ϩ cells (Fig. 8 A, B) . This would support increased CC1ϩ cells in the CNP-Sox17 (Fig. 8A) . Upon quantitation of OPC and OL markers at 3 and 7 DPL, we found that, although both WT and CNP-Sox17 responded to lysolecithin with increased NG2ϩ OPCs and O4ϩ premyelinating OLs at 3 DPL (Fig. 8B, left, showing cell numbers) , the response in Trans was relatively smaller, reflected as a decline in the ratio (Fig. 8B, right, showing ratios of lysolecithin and saline). Whereas CC1ϩ cells were lost in the WT at 3 DPL, lysolecithin unexpectedly stimulated a significant increase in the numbers of CC1ϩ cells in the CNP-Sox17 mouse. However, a modest increase in CC1ϩ cells was also later observed in the WT at 7 DPL, when no further change was found in the transgenic (Fig. 8B) . Similarly, at 3 DPL, Olig2ϩ cells in the CNP-Sox17 mouse displayed a significant response to injury, whereas this was not observed in the WT until 7 DPL (Fig. 8B, left) . These results indicate that Sox17 overexpression both accelerated and enhanced the extent of the Olig2ϩ cell response to lysolecithin-induced damage, leading to an early increase in CC1ϩ cells. These observations may be explained by two possible mechanisms regarding WM protection that are not mutually exclusive: (1) damage was more rapidly repaired by enhanced OL maturation between the O4 and CC1 stages, and (2) lysolecithin-induced cell death and subsequent loss was prevented.
When the data are expressed as lysolecithin/saline ratios (Fig.  8B, right) , it becomes clear that, shortly after injury, the response of CC1ϩ and Olig2ϩ cells in the CNP-Sox17 significantly exceeded that of the WT, whereas changes in NG2ϩ cells were not different at 3 DPL. Another striking feature of WM injury in the CNP-Sox17 was the increase in NG2ϩ cells even at 7 DPL (Fig.  8B ). This suggests that Sox17 promotes continuous oligodendrogenesis after injury through expanding the OPC population and eventually enhancing their maturation.
Sox17 prevents apoptotic cell death and further change in TCF4؉ cells or Gli2 levels after demyelination injury
We determined the extent of apoptotic death at 3 DPL in these lesions and found that lysolecithin-induced increase in cleaved caspase-3 was not observed in lesions of the CNP-Sox17 mouse (Fig. 9A) , indicating prevention of apoptosis by Sox17. In addition, Sox17 increased the number of Ki67ϩ cells in the lysolecithin lesions (Fig. 9B) , which was not observed in WT. Wnt signaling has been shown to be upregulated in demyelinating lesions, with increased TCF4 expression among the OPC responses to adult WM injury (Fancy et al., 2009) . Based on our previous findings of Wnt/␤-catenin antagonism by Sox17 in vitro , we wanted to determine whether Sox17 regulated components of the canonical Wnt pathway in demyelinated lesions. Consistent with previous reports, we found that the number of cells positive for ␤-catenin was significantly upregulated in WT (Fig. 9C) . A smaller, but nonetheless significant increase was also observed in the CNP-Sox17. However, the injury-induced increase in cells expressing TCF4, which was significant in the WT, was not detected in the CNP-Sox17 transgenic mouse (Fig. 9D) . As previously reported (Fancy et al., 2009) , TCF4 in the lesions was largely nuclear (Fig. 9D) , which is indicative of progenitor status. These results suggest that further increase in TCF4-mediated Wnt responses to injury could be suppressed by Sox17.
Since we had found the Olig2ϩ cell response to be enhanced by Sox17 at 3 DPL (Fig. 8B) , we analyzed how Gli2 was regulated in these WM lesions. Figure 9E -G shows that, at 3 DPL, Gli2 protein levels in CNP-Sox17 lesions were not downregulated, whereas a significant decrease was observed in the WT. Together, these results in Figure 9 indicate a preferential activation or maintenance of Hedgehog signaling in the CNP-Sox17 that prevents caspase-mediated apoptosis, whereas it was clearly downregulated in the WT lesions.
Lysolecithin injury induces the antiapoptotic protein Bcl-2 in OLs of CNP-Sox17 mice
We sought to determine whether WM protection in the CNPSox17 mouse involved modulation of Gli2-expressing cells and antiapoptotic proteins. In agreement with Western blotting, immunocytochemical analysis shows lower levels of Gli2 immunostaining in the WT after demyelination, whereas no change was apparent in the CNP-Sox17, with the nuclear localization of Gli2 maintained after injury (Fig. 10A) . Quantification of cells with Gli2 immunostaining showed a significant decrease only in the WT (Fig. 10B) , so that the ratio of Gli2 cells in . Overexpression of Sox17 in transgenic mice modulates ␤-catenin and increases Gli2 protein levels. A, Confocal microscope images of ␤-catenin (b-catenin, red) or TCF4 (red) with DAPI-stained nuclei(blue)atP15andP30.ThedashedlinesdelimittheregionsofhighexpressionbeyondtheWM(striatalareainP15WTandgraymatterinTrans)thatwereexcludedfromthequantitativeanalysis.Notethat the ␤-cateninsignal,whereabundant,iscytoplasmicormembranous,whereasTCF4ispredominantlynuclear.B,Magnifiedexamplesofcytoplasmic/membraneversusnuclear␤-catenin(red)immunostaininginWMcellsagainstnuclearDAPI(blue)counterstain.Quantitativeanalysisofcellpopulationsexpressing␤-cateninandTCF4inWMatP15andP30.CelldensityvaluesaremeansϮSEM.*pϽ0.05,**pϽ 0.01versusWT,Student'sttest.C,ExpressionofGli2proteinintheP15andP120corpuscallosumasdetectedbyWesternblotting.Eachlanecontained20gofprotein.D,QuantitativeanalysisofGli2expression by densitometry performed on multiple Western blots similar to C. Values of Gli2 abundance relative to actin are mean and SEM using mice from at least four independent litters, expressed as fold change over WT. **p Ͻ 0.01 versus WT, Student's t test. E, Confocal images of nuclear Gli2 expression in corpus callosum at P15 and P30. DAPI stain was omitted for clarity. F, Quantitative analysis of Gli2-expressing cells in thecorpuscallosumatP15,P30,andP120.DoublylabeledGli2withNG2,O4,CC1,andOlig2cellsatP30werealsoquantified.TheareasofhighGli2signalincorticalgraymatterareasareboundedbydottedlines in E and excluded from analysis. Values are mean and SEM with 1-2 mice obtained from each of at least four independent litters. *p Ͻ 0.05, **p Ͻ 0.01 versus WT, Student's t test.
the lesion to those in the saline-injected site was greater in the CNP-Sox17 mouse (Fig. 10C) . Since Hedgehog signaling is important in oligodendroglial survival mechanisms , we analyzed the lesions for the antiapoptotic protein, Bcl-2, which is involved in Hedgehog-mediated protection (Mazumdar et al., 2011a,b) , and which has been identified as a bona fide Gli2 transcriptional target in basal cell carcinoma (Regl et al., 2004) . Figure 10D shows that Bcl-2ϩ cells are more clearly detectable in the CNP-Sox17 than in the WT. Quantitation revealed a significant decrease of Bcl-2-expressing cells in the WT following lysolecithin injury, whereas no decrease was observed in the CNP-Sox17 (Fig. 10E) . In this experiment, we also noticed a difference in the total numbers of Bcl-2ϩ cells between salineinjected controls in both strains, with a significantly higher density in the CNP-Sox17 mouse (Fig. 10E , Sal WT vs Sal Trans; p Ͻ 0.001, unpaired student's t test). We then performed dual labeling to determine changes in Bcl-2 expression in CC1ϩ OLs within the lesions. Figure 10 F, G shows that basal densities of Bcl-2ϩ CC1ϩ cells were not different between the mouse strains, but after lysolecithin injury, Bcl-2 labeling in CC1ϩ cells in the CNP-Sox17 was significantly greater than in the WT, presumably due at least in part to the difference in total CC1 cells. Together, these observations indicate that CC1ϩ cells in the CNP-Sox17 were protected from WM injury through Bcl-2-mediated prevention of apoptosis.
Discussion
We had previously demonstrated that Sox17 promotes OPC differentiation (Sohn et al., 2006; , and that its suppression of Wnt/␤-catenin signaling enhances progenitor cell maturation. Based on these findings, we have now tested our hypothesis that increasing the levels of Sox17 in vivo would promote oligodendroglial lineage progression in either WM development or pathology. We chose the gain-of-function approach in transgenic mice based on the selectivity of the CNP promoter and the proven success of the CNP-driven epidermal growth factor receptor expression in promoting oligodendrogenesis and remyelination .
Sox17 overexpression produced a protracted developmental profile of postnatal lineage progression between P15 and P120, beginning with increased NG2ϩ OPCs over WT. The initial maturation delay and OPC accumulation coincided with Olig2ϩ and CC1ϩ cell loss, while the subsequent recovery of Olig2 and CC1ϩ overlapped with the decline of apoptosis at ϳP30. This suggests that lineage regulation by Sox17 overexpression is dependent on the dynamics of normal developmental apoptotic events, since apoptosis in both mouse strains was undetectable after P30. The initial increase in apoptosis is reminiscent of studies in embryonic stem cell clones, where Sox17 overexpression caused apoptotic cell death (Serrano et al., 2010) . The reason for the biphasic response to Sox17 is presently unknown; a partial explanation includes Sox17-induced reduction of the already declining ␤-catenin protein levels before P30 (Sohn et al., 2006; . Indeed, ␤-catenin has been shown to be antiapoptotic in neural progenitor cells, not stem cells (Holowacz et al., 2011) , and high levels of ␤-catenin/TCF4 are implicated in glioma progression via Akt2 expression . In myelinating cells, TCF4 was found to be associated with only moderate levels of ␤-catenin (Fu et al., 2012) ; this supports differential effects of Wnt activation between OPCs and myelinating cells, where Wnt instead promotes myelin gene expression (Tawk et al., 2011) .
Similar to our finding in OPCs, Sox17 overexpression in vivo not only decreased the population of Ki67ϩ cells in the WM at P15 and P30, indicating increased cell cycle exit, but also decreased ␤-catenin at P15. At P15, the Hedgehog transcriptional mediator Gli2 was already increased. Wnt and Hedgehog pathways have been described to show reciprocal function (Borycki et al., 2000) , with Hedgehog as a negative regulator of ␤-catenin signaling (Schneider et al., 2010) . Our previous findings of Sox17-regulated secreted Frizzled related protein (SFRP) 1/4 expression , which are Hedgehog targets (He et al., 2006; Katoh and Katoh, 2006) , would be consistent with the action of Sox17 as a Hedgehog effector, not only through its production of SFRP, but also in its cell-autonomous destabilization of ␤-catenin (Sinner et al., 2007; . The effect of Sox17 on cell survival appears to represent a departure from our previous conclusions drawn from purified OPCs. The difference may be explained by the highly mitogenic culture environment with platelet-derived growth factor producing high levels of cellular ␤-catenin, in which cell survival was unaffected by Sox17 knockdown or overexpression (Sohn et al., 2006) . Through a loss-of-function approach, Gli2 has been shown to be required for oligodendrogenesis in the spinal cord, but not in the forebrain, probably because of redundancy (Qi et al., 2003) . In the CNP-Sox17 mouse, elevated Gli2 levels may have mediated the increase in O4ϩ and Olig2ϩ cells, leading to growth of the oligodendroglial lineage (Figs. 2-4, 6, 8 ). Since Olig2 overexpression in neural stem cells produces actively remyelinating OLs in vitro and in remyelination (Copray et al., 2006) , and Olig2 is sufficient to initiate the OL differentiation program (Yu et al., 2013) , it is possible that the induction of Olig2ϩ cells by Sox17 promoted the increase in CC1ϩ cells both during development and after lysolecithin-induced injury.
Oligodendroglial specification, growth, and maturation are dependent on Hedgehog signaling (Poncet et al., 1996; Rowitch et al., 1999; Nery et al., 2001; Wu et al., 2012) , and Gli factors transmit graded canonical Hedgehog signals through mechanisms that are not fully understood. Gli2 and Gli1 are both considered activators (Bai and Joyner, 2001 ), but only Gli2 plays a predominant role as a Hedgehog mediator (Bai et al., 2004; Lei et al., 2004) . In support of our observations that Gli1 was not detected in developing CNP-Sox17 transgenic mouse, Gli2, but not Gli1, has been reported to be essential for mediating ectopic Sonic hedgehog signaling (Bai et al., 2002) . Although it is presently unknown whether Gli2 induction in the CNP-Sox17 mouse involves increased Hedgehog-Patched receptor interaction, it is likely that Gli2 mediates many of the observed cellular properties that are established effects of Hedgehog signaling.
In addition to changes in Olig2 and Gli2, several other downstream effects of Hedgehog signaling have been observed in the CNP-Sox17 mouse, namely cell proliferation (Kenney and Rowitch, 2000) and survival. However, these were only evident after WM injury at P30. We speculate that the absence of developmental apoptosis after P30 may have contributed to the emergence of Sox17-mediated changes in the adult WM. At 3 DPL, cell apoptosis was decreased and cell cycle entry promoted by Sox17 overexpression; these events likely led to the protection of CC1 cells at 3 DPL and the emergence of NG2ϩ cells at 7 DPL. It is possible that Sox17 overexpression (1) increased the sensitivity and cellular response to injury-induced signals, and (2) provided protection from injury through increased differentiation and oligodendrogenesis, as well as enhanced antiapoptotic mechanisms. It is also likely that both lysolecithin injury and Sox17 overexpression share the same signaling pathway, since the injury stimulus enhanced cell cycle entry and proliferation but produced no further changes in Hedgehog-regulated targets TCF4, Gli2, or Bcl-2 in the adult CNP-Sox17 mouse (Figs. 9, 10) .
Lineage expansion by Sox17 is also observed in non-neural cells. Chronic ectopic Sox17 overexpression was shown to promote self-renewal and eventually leukemogenesis in adult hematopoietic progenitor cells (He et al., 2011) , supporting the notion that Sox17 confers fetal identity. While cell fate properties have not been explored in the CNP-Sox17 mouse, our analysis of macroglial cells in the WM indicate that Sox17 did not enhance the generation of astrocytes, and suggests that its effects may be restricted to oligodendroglia. The maintenance of an increased NG2ϩ OPC population in the developing WM (P15-P60; Fig. 2 ) suggests the possibility of an increase in lineage commitment rather than local cell proliferation (Fig. 5, Ki67) . Alternatively, increased cell survival may contribute to lineage enhancement, both in maturation and resistance to injury. We found that Sox17 overexpression increased the levels of the antiapoptotic proteins Bcl-2 (Fig. 10) and c-FLIP (data not shown) at P30. Both proteins are Hedgehog-Gli targets (Dierks et al., 2007; Kump et al., 2008) , which could contribute to the protection of CC1ϩ OLs from lysolecithin demyelination. Although it is presently unknown how Hedgehog signaling is activated after lysolecithin injection in the CNP-Sox17 mouse, an indirect mechanism is possible, since Sox10 has been shown to regulate Desert hedgehog expression (Küspert et al., 2012) .
The interaction between Hedgehog and Wnt signaling is complex (Alvarez-Medina et al., 2008) and intricately interdependent (Lei et al., 2006; Alvarez-Medina et al., 2009) . Interestingly, the focal disruption of Wnt signaling within the ventral Hedgehogdefined domain in the neural tube causes ventral progenitor expansion through the regulation of Gli3 (Yu et al., 2008) . It is possible that the changes in TCF4/TCF7L2 levels in the CNPSox17 may also result from Wnt-Hedgehog interaction. TCF7L2, or TCF4, has been reported to bind ␤-catenin or histone deacetylase (HDAC) competitively in OL development (Ye et al., 2009 ). HDAC1 and HDAC2 mediate Sonic hedgehog-induced OL differentiation (Wu et al., 2012), and their disruption of TCF4-␤-catenin binding is critical for maturation (Ye et al., 2009) . The increase in TCF4 at P30 could have contributed to the delayed appearance of CC1ϩ OLs. We previously demonstrated that Sox17 forms a complex with ␤-catenin and TCF4 in samples from postnatal WM , which declined by P30. Maintenance of the ␤-catenin/TCF4/Sox17 complex through Sox17 overexpression may be involved in regulating the balance between the emergence of NG2ϩ OPCs and their maturation to OLs. Although a reliable progenitor marker (Fancy et al., 2009) , TCF4 was unexpectedly found in postmitotic progenitors in remyelinating WM lesions (Fu et al., 2012) . Our observation of increased TCF4ϩ cells in the CNP-Sox17 WM at P30, accompanied by increased ␤-catenin and decreased Ki67ϩ cells, suggests an expanded pool of premyelinating cells, which also coincides with the Sox17-mediated increase in Olig2ϩ and O4ϩ cells. Consistent with this conclusion, analysis of CNPase promoterdriven ablation of Sox17 revealed a significant contribution to the maintenance of the Olig2ϩ population in the adult WM (L-J Chew, M Catron, E Hong, V Gallo, unpublished observations).
This study represents the first in vivo characterization of Sox17 function in the OL lineage in development and injury, and demonstrates a novel role for Sox17 as a mediator of Hedgehog signaling in promoting OL generation and survival. These findings will provide clues toward further understanding of mechanisms involved in the protection of the lineage and will aid in the design of therapeutic strategies to improve repair in demyelinating disease.
